The northern continental slope of the Gulf of Mexico is riddled with numerous subsiding diapiric minibasins bounded by ridges, many but not all of which are connected by channels created by turbidity currents. The region is economically relevant in that many of these diapiric minibasins constitute focal points for the deposition of sand. Some of these sandy deposits in turn serve as excellent reservoirs for hydrocarbons. A better understanding of the "fill and spill" process by which minibasins fill with mud and sand as the intervening ridges are dissected by canyons may serve to aid in the location of such reservoirs. In the present paper a theory is developed to describe sediment deposition in minibasins. The theory relies on the hypotheses that the turbidity currents in question are sustained for at least about one hour. Two key and heretofore unrecognized aspects of the "fill and spill" process are revealed; a) the formation of an internal hydraulic jump as a turbidity current spills into a confined basin, and b) the detrainment of water across a settling interface forming at the top of the ponded turbidity current downstream of the hydraulic jump. It is shown that sufficiently strong detrainment can consume the flow, so that there is no outflow of either water or sediment even with continuous inflow. As the basin fills with sediment, however, overspill is eventually realized. The theory is developed into a numerical model, tested against experiments and applied at field scale in a companion paper.
ABSTRACT:
The northern continental slope of the Gulf of Mexico is riddled with numerous subsiding diapiric minibasins bounded by ridges, many but not all of which are connected by channels created by turbidity currents. The region is economically relevant in that many of these diapiric minibasins constitute focal points for the deposition of sand. Some of these sandy deposits in turn serve as excellent reservoirs for hydrocarbons. A better understanding of the "fill and spill" process by which minibasins fill with mud and sand as the intervening ridges are dissected by canyons may serve to aid in the location of such reservoirs. In the present paper a theory is developed to describe sediment deposition in minibasins. The theory relies on the hypotheses that the turbidity currents in question are sustained for at least about one hour. Two key and heretofore unrecognized aspects of the "fill and spill" process are revealed; a) the formation of an internal hydraulic jump as a turbidity current spills into a confined basin, and b) the detrainment of water across a settling interface forming at the top of the ponded turbidity current downstream of the hydraulic jump. It is shown that sufficiently strong detrainment can consume the flow, so that there is no outflow of either water or sediment even with continuous inflow. As the basin fills with sediment, however, overspill is eventually realized. The theory is developed into a numerical model, tested against experiments and applied at field scale in a companion paper.
INTRODUCTION
Turbidity currents on the continental slope have created a rich morphodynamic and stratigraphic record associated with erosion and deposition. The continental slope of the northern Gulf of Mexico offers a unique opportunity to study both of these simultaneously. A distinctive aspect of deep-water sedimentation in that region is the influence of fields of subsiding salt-withdrawal minibasins that have trapped thick sedimentary sections, some of which contain sand bodies with excellent hydrocarbon reservoir properties (Mahaffie 1994; Holman and Robertson 1994; Badalini et al. 2000) . Regions of the northern continental slope of the Gulf of Mexico where minibasins abound are shown in Figures 1a and 1b (Pratson and Haxby 1997) . The relief of each of these basins is on the order of hundreds of meters, and basin length ranges from kilometers to 10's of kilometers. Each basin is bounded by ridges that have been uplifted as a compensatory effect of basin subsidence. Many but not all of these minibasins are interconnected by drainage networks of turbidity current channels (e.g. Liu and Bryant 2000) . The turbidity currents that created these channels have cut through the ridges to create canyons, and deposited sediment in the minibasins themselves, a process that has been documented by e.g. Beauboeuf and Friedman (2000) and Badalini et al. (2000) .
Minibasins often contain layered deposits of turbidity currents in which either mud or sand dominate. Some of the sand bodies serve as good hydrocarbon reservoirs. In order for a turbidity current to deposit within a minibasin, however, it first must reach it. The initial stages by which this occurs can be envisioned in terms of a turbidity current that runs down the relatively steep slope of the updip rim of the minibasin, ponds within it, deposits sediment and eventually overflows. This process has been familiarly termed "fill and spill" (e.g. Winker 1996) .
One approach to the study of the process of "fill and spill" is the analysis of the modern seafloor and the first few hundred meters below that level, using acoustic images of bathymetry and high-resolution seismic surveys and borehole drilling programs (e.g. Damuth et al. 1983; Malinverno et al. 1988; Bouma and Bryant 1994; Gardner et al. 1996; Winker 1996; Liu and Bryant 2000; Pirmez et al. 2000; Badalini et al. 2000 among many others). Such analyses have served to clarify many aspects of minibasins and the process by which they fill, several of which have been incorporated into the present work. In particular, they have revealed that the ultimate effect of "fill and spill" is to create a channel that cuts deeply though successive ridges and fills in successive basins, so connecting the basins and creating a channel with a relatively constant slope throughout. This evolution is summarized in Figure 2 (Beauboeuf and Friedman 2000) . Note in Figure 2a , however, that the basin farthest downdip has not yet been filled to the point that an outlet channel has been excavated.
One limiting case for the process of "fill and spill" is the possibility that very large, sustained turbidity currents cascade from one basin to the next, simultaneously sculpting the channel of Figure 2 during each event. At the other end is the limiting case for which small, pulse-like events must substantially fill each minibasin before enough overflow occurs to initiate erosion through the ridge at the downdip end and start the process of filling of the next basin.
Field studies have supported argument toward the smaller end of the flows envisaged above (e.g. Badalini et al. 2000) . Field studies in and of themselves may, however, be insufficient to resolve these issues, which revolve about the dynamics of turbidity currents. Theory, experiment and numerical modeling offer alternate avenues with which to gain further insight in the process of "fill and spill." These avenues are explored here. They reveal a third possibility for the mechanism of "fill and spill:" namely, that sustained turbidity currents capable of eroding through the ridges may nevertheless be incapable of flowing out of a minibasin until the relief of the minibasin has been substantially reduced. Put in its simplest terms, the analysis presented here indicates that a sustained turbidity current flowing continuously into a minibasin may nevertheless produce no outflow whatsoever.
SUSTAINED VERSUS PULSE-LIKE TURBIDITY CURRENTS
Before proceeding, it is of value to clarify the term "sustained turbidity current," and indicate how such currents are generated and why they might be applicable to minibasin sedimentation. One limiting case of a turbidity current is a pulse-like event that consists of a head followed by very little body. There are ways, however, to generate turbidity currents that are sourced as sustained events, and in addition there are ways by which pulse-like events can evolve into more sustained events. The depositional mechanics of a sustained event are such that the role of the head is subsidiary to that of the body behind it.
One way in which sustained turbidity currents can be generated is through hyperpycnal river flows (Mulder and Syvitski 1995) . These river flows are so heavily charged with sediment that they are heavier than sea water, and can thus plunge as they reach the ocean. The resulting turbidity current can be sustained for hours or days as long as the river flow remains hyperpycnal. The sediment concentrations in river water required to maintain hyperpycnal flow are, however, extremely high. For example, if the sea water is assumed to have a specific gravity of 1.026, the sediment in suspension in the river flow is assumed to have specific gravity of 2.65 and temperature differences between river water and sea water are neglected, the concentration of suspended sediment in the water column must exceed about 41,000 mg/l in order to maintain hyperpycnal flow. Mulder and Syvitski (1995) have documented the fact that hyperpycnal flows are not common in general. With the one exception of the Yellow River, China, under present-day conditions hyperpycnal flows are restricted to rivers which flow into the sea directly from active margins. Uplift along these margins drives an abundant sediment supply adjacent to the shelf. On passive margins such as the northern Gulf of Mexico in particular, present-day peak sediment concentrations of rivers are well under of 1/10 of the value necessary for hyperpycnal flows. For example, the maximum concentration listed for the Mississippi River at Tarbert Landing between October 1, 1974 and  September  30,  1989  is  2910  mg/l  (on  March  6 , 1984: see http://webserver.cr.usgs.gov/sediment/). Even at falling or low stand, it is difficult to construct a scenario under which such streams would have a sediment supply sufficient to create hyperpycnal flows.
This observation notwithstanding, there are four pieces of circumstantial evidence in support of sustained turbidity currents emanating from the northern margin of the Gulf of Mexico. The first of these pertains to the many moderately to highly sinuous leveed channels on the Mississippi Submarine Fan (Twichell et al. 1991) as well as within minibasins (Badalini et al. 2000; Beaubouef et al. 2003) , and indeed on continental slopes and submarine fans adjacent to passive margins all over the world (e.g. Pirmez 1994 ). The mechanism of meander formation, whether subaerial or subaqueous. requires a setup of a velocity and pressure field that requires a flow that has a spatial length of at least a few meander lengths (e.g. Ikeda et al. 1981; Imran et al. 1999) . A pulse-like flow is not sufficient for this. The second of these pertains to the fact that these channels are typically bounded by substantial levees that in many cases extend for 100's of km. The implication is that the turbidity currents are self-channelizing. The only mechanisms that have been proposed for the process of self-chanelizing require sustained flows (Imran et al. 1998) . The third of these pertains to Figures 2b and 2c describing the East Breaks minibasins. As shown in Figure 2b , turbidity currents have carved canyons over 200 m deep through the ridges created by compensational uplift between minibasins. Again, the only mechanisms that have been proposed for the excavation of deep submarine canyons involve sustained rather than pulse-like turbidity currents (Parker 1982; Fukushima et al. 1985; Parker et al. 1986 ). The fourth of these pertains to the delta-like structure observed in Basin IV of Figure 2a by Beaubouef et al. (2003) . This structure closely parallels deltas built by sustained river flows. While these arguments do not prove conclusively that sustained turbidity currents have played a major role in the evolution of minibasins, they do suggest that in many cases they may have played a more important role than pulse-like events.
A number of mechanisms have been observed to be or proposed as generating agents for sustained turbidity currents. Surface wave action due to storms has been observed to trigger sustained turbidity currents (Inman et al. 1976; Puig et al. 2003) . While surface waves are likely to be ineffective as means for generating turbidity currents on passive margins during the present high stand, they would have been much more effective during low stand, when river mouths were located much closer to the shelf-slope break. Breaking internal waves have been hypothesized to play a similar role in triggering sustained turbidity currents (e.g. Caccione et al. 2002) . Retrogressive failure on e.g. a delta front provides another mechanism for the generation of sustained turbidity currents (e.g. Hay 1987) . One mode of such retrogressive failure that is known to generate sustained turbidity currents is breaching (van den Berg et al. 2002; Mastbergen et al. 2003) . Parsons and Garcia (2000) have proposed a double-diffusive mechanism for the generation of sustained turbidity currents from hypopycnal river flows.
The above mechanisms provide plausible means for generating sustained turbidity currents on passive margins at low stand. A turbidity current does not, however, need to initiate as a sustained current in order to evolve into one. Pantin (1979) , Parker (1982) , Fukushima et al. (1985) and Parker et al. (1986) have delineated a self-accelerative mechanism, termed "ignition" by Parker (1982) , by which a relatively modest sustained turbidity can strengthen in the downstream direction by means of entrainment of sediment. Recently Pratson et al. (2000 Pratson et al. ( , 2001 ) have applied the model of Parker et al. (1986) to a turbidity current of discrete length, and shown how such a current can lengthen substantially as it self-accelerates. Put simply, under the right conditions a pulse-like turbidity current flowing over a surface covered with sediment available for entrainment can grow its way into a sustained turbidity current.
It is argued below that sustained turbidity currents likely play a major role in the process of sediment deposition within diapiric minibasins. It is useful to be more specific as to how long a current might be sustained. Although the issue is addressed in more detail below, Lamb et al. (2004) provide evidence that in the case of the minibasins on the north slope of the Gulf of Mexico, a current that requires on the order of at least 30 minutes to pass by a given point should be sufficient to create the conditions described in this paper and its companion, Toniolo et al. (submitted) .
INTERNAL HYDRAULIC JUMPS, WATER DETRAINMENT AND SETTLING
INTERFACES The research program that has led to the present work has its origins in the experiments of Hickson et al. (2000) . They used high resolution bathymetric data of the Gulf of Mexico to derive a 'typical' intraslope basin topographic profile which was, in turn, used to construct a scale model of a) a single basin and b) two basins in succession. The experiments revealed two key features characteristic of sustained turbidity currents that are crucial to the present work; the internal hydraulic jump and the settling interface. These features have been confirmed by subsequent experimental work reported in Lamb et al. (2001) , Violet et al. (2001) , Toniolo (2002) and Lamb et al. (2004) . Aspects of this work are summarized below. All the experiments in question were conducted in model minibasins with turbidity currents generated from dilute suspensions containing various combinations of a) grades of poorly sorted silica flour with nominal sizes of 110 µm, 45 µm and 20 µm, b) kaolinite clay, and c) glass beads (ballotini) with a nominal size near 45 µm.
Several aspects of internal hydraulic jumps and settling interfaces are described here without detailed justification. This justification is given later in the present paper and in the companion paper, Toniolo et al. (submitted) . The issues are more easily discussed, however, after they have been introduced. Hickson et al. (2000) found that as an experimental minibasin is filled by a continuous turbidity current, the downdip lip of the basin forces an internal hydraulic jump from swift flow upstream to placid, ponded flow downstream. A hydraulic jump is a type of shock associated with a sudden deceleration of flow (e.g. Henderson 1966) Figure 3b . It has long been recognized that dense bottom underflows driven by either salt, temperature differences or sediment can also undergo hydraulic jumps from swift to placid flow (e.g. Garcia 1993 ). Such jumps are called "internal hydraulic jumps" because they are bounded above by quiescent water that is free of the agent that drives the bottom underflow, e.g. sediment in the case of a turbidity current. Internal hydraulic jumps are mediated by the densimetric Froude number Fr d , which in the case of a turbidity current can be defined as
where now h denotes the layer thickness of the turbidity current, U denotes layeraveraged flow velocity, C denotes layer-averaged volume sediment concentration and R denotes the submerged specific gravity of the sediment in suspension (~ 1.65 for many natural sediments. Again, a critical value of Fr d near unity divides subcritical and supercritical flows. Garcia and Parker (1989) and Garcia (1993) performed experiments on continuous depositional turbidity currents undergoing internal hydraulic jumps mediated by a drop in slope from a finite, constant value of 0.08 to a horizontal bed. The turbidity current was vented out of the tank via a submerged overfall, which forced a critical densimetric Froude number of unity there. This case is illustrated in Figure 4a . The incoming flow is supercritical, a condition that allows it to vigorously entrain ambient water from above across a diffuse, turbulent interface. The drop in slope causes a hydraulic jump to a subcritical flow which still has a somewhat turbulent interface, but which entrains little ambient water. The flow first decelerates down the tank as sediment deposits out, but then reaccelerates to a critical densimetric Froude number of unity at the submerged outfall. The nature of the deposit created by such a flow is illustrated in Figure 4a . Note that the deposit becomes thinner downstream. Hickson et al. (2000) and Lamb et al. (2004) , however, found that the hydraulic jump is manifested somewhat differently in the presence of a high barrier at the downstream end of a model minibasin. In order to illustrate this in the simplest way, the barrier is schematized as a vertical wall in Figure 4b . Sustained flow is introduced into the basin defined by the upstream slope and the downstream wall. The barrier forces a sharp hydraulic jump, downstream of which a muddy pond forms. If the barrier is of sufficient height the flow in the muddy pond becomes thick and slow-moving, so that the densimetric Froude number is much less than unity. Under such conditions a distinct, relatively sharp interface forms between the muddy pond and the clear water above. An example of such a sharp interface in an experimental minibasin is shown in Figure 4c . As long as the sediment in the turbidity current is uniform, deposit thickness downstream of the hydraulic jump is approximately constant in the streamwise direction, as shown in Figure 4b . This result, which is a direct consequence of ponding, is demonstrated theoretically below and experimentally in the companion paper, Toniolo et al. (submitted) .
The interface in question is a settling interface. Consider a graduated cylinder with cross-sectional area A containing water in which a small amount of sediment has been mixed uniformly in the vertical with volume concentration C. For the sake of argument the sediment is assumed to have a uniform size. If the agitation is terminated and the sediment is allowed to settle, it will form a distinct settling interface that migrates downward at the fall velocity v s of the sediment. This interface converts dirty water into clear water, as illustrated in Figure 5 . The upward discharge across the interface from the turbid zone to the clear zone is here defined as the detrainment discharge Q d , where
(2) The sediment concentration in the water column remains constant over time with the value C, because as the sediment settles out on the bed at rate v s C (so acting to reduce the concentration) the vertical extent of the zone containing sediment decreases (so acting to increase concentration) at the same rate. The two effects exactly balance each other.
The settling interface shown in the ponded zone of the experimental minibasin shown in Figure 4c is similar to that in Figure 5 , but differs in an important way. Its vertical position does not lower in time, because the water discharge lost to detrainment is replaced by the water in the turbidity current flowing in from upstream. If the slow, gradual accumulation of sediment on the bed by deposition from the dilute suspension is neglected for the sake of argument, a perfectly stable settling interface can be created in a minibasin when the rate of detrainment of water across the interface downstream of the hydraulic jump perfectly balances the difference between the rate of inflow of water from upstream and the rate of outflow across the downstream lip of the minibasin. That such a balance can bed reached is demonstrated theoretically in the present paper and numerically and experimentally in the companion paper, Toniolo et al. (submitted) . The gradual accumulation of sediment implies, however that the interface should slowly rise in time as the basin fills.
A limiting case of the above argument is one for which detrainment is able to perfectly balance the inflow, in which case there is no flow spilling out of the basin, all of the water is lost to detrainment and all of the sediment is captured in the basin. Again, this is demonstrated theoretically in the present paper and numerically and experimentally in the companion paper, Toniolo et al. (submitted) .
The above observations suggest the flow pattern of a continuous turbidity current in a deep minibasin described in Figure 6a . The configuration of Figure 6a schematizes what was actually used for the experiments of Hickson et al. (2000) , Lamb et al. (2001) and Lamb et al. (2004) . Figure 6a is entirely analogous to the open channel flow in a confined basin described in Figure 3b , but with the following differences. In the case of a turbidity current ambient water can be entrained into the zones of supercritical flow, and water can be detrained across the settling interface of the ponded zone. If the flow upstream of the hydraulic jump has sufficient discharge to overcome the water detrainment in the ponded zone, the interface in the ponded zone will lie above the downstream lip (the solid line in the ponded zone), and there will be outflow of current and sediment from the basin. If on the other hand all the forward discharge of the turbidity current is consumed by detrainment in the ponded zone, the interface there will lie below the downstream lip (dashed line in the ponded zone) and neither current nor sediment will spill out of the basin. Figure 6b describes the process by which initial overspill from the lip of an upstream minibasin leads to the setup of quasi-steady flow in the basin downstream. At time t 1 a ponded turbidity current has not yet overflowed the lip of the upstream basin. At time t 2 overflow has commenced. A critical densimetric Froude number has been established at the overflow lip of the upstream basin, and a turbidity current with a distinct head has penetrated into the downstream basin. By time t 3 this head has reflected off the downstream barrier of the downstream minibasin, and is migrating upstream as a bore. By time t 4 the bore has stabilized as an internal hydraulic jump, and quasi-steady flow has been established. In the example of Figure 6b , the interface of the muddy pond lies below the downstream lip of the downstream basin, but as shown in Figure 6a , it can also lie above this point depending on the balance between inflow and detrainment. The process of setup is described in more detail in Lamb et al. (2004) .
An internal hydraulic jump did not appear in several of the experiments of Lamb et al. (2004) . This is because the elevation of the lip at the downstream end of the minibasin was sufficiently high to cause the muddy pond to back up and drown the incoming flow from the bottom gate at the upstream end of the basin. In such a case the incoming flow formed a drowned plume that emanated from the bottom gate as a Froudesubcritical flow.
Fluid detrainment from a sediment-laden flow has been described previously by Sparks et al. (1993) . They consider the cases of a) a turbidity current containing water that is lighter than the ambient water above due to differences in temperature or dissolved salt concentration and b) a subaerial pyroclastic flow containing volcanic ash and air that is substantially hotter, and thus lighter than the ambient air above. The runout distance of the turbidity current or pyroclastic flow is limited by the tendency of the fluid in the flow (water or air) to detrain upward due to the density difference. Once enough sediment has settled out so that the flow is lighter than the ambient fluid, the flow will be wafted upward, so limiting runout. The detrainment described here is similar to that of Sparks et al. (1993) , but is different in that it is entirely mediated by the tendency of sediment to fall out, and does not require any density difference between the water in the turbidity current and that in the ambient water above.
Before proceeding, it is useful to ask whether or not the above concepts have applicability to the field setting.
PONDING AND DETRAINMENT AT FIELD SCALE
Consider for the sake of argument a turbidity current containing uniform 100 µm material flowing into a basin with a top area of 10 km 2 , a fairly typical size for the northern continental slope of the Gulf of Mexico. Using the relation for fall velocity of Dietrich (1982) it is found that v s = 7.48 mm/s. The potential detrainment discharge Q pd realized if detrainment occurs across a surface equal to the top area of the minibasin is found from Equation 2 to be 748,000 m 3 /s. Hill (1998) reports that fine-grained marine sediments tend to naturally flocculate to a fall velocity of 1 mm/s. If the turbidity current were composed solely of such material, the potential detrainment discharge would be 100,000 m 3 /s. For reference, the mean discharge of the Mississippi River is on the order of 17,000 m 3 /s, and the peak discharge of the flood of 1927 has been estimated to be in the range 70,000 -80,000 m 3 /s (e.g. Barry 1997 ). The implication is that the potential for detrainment to limit overspill from basin to basin is enormous at field scale.
Neither ponding nor detrainment have been observed for the case of natural oceanic turbidity currents, and as a result they are likely to be unfamiliar phenomena to many submarine geologists. Fortunately, an excellent example of both is provided by the case of the disposal of mine tailings into Lake Superior by the Reserve Mining Company during the period 1955 -1974 (e.g. Normark and Dickson 1976 . Sand-and silt-sized tailings were disposed as slurry into Lake Superior at Silver Bay. The coarser sediment deposited to form a delta; the finer sediment continued into deep water as a quasicontinuous turbidity current. Immediately offshore of Silver Bay the bathymetry describes a localized, confined basin with a maximum depth of about 280 m (Figure 7a ). Both turbidity current ponding and water detrainment are vividly illustrated by measurements taken during a strike from July 31 to August 27, 1972 (Normark, personal communication) . During the strike the mine was forced to cease tailings disposal.
Acoustic transmissivity measurements were used to track patterns of turbidity in the basin as the strike progressed. These measurements are shown in Figures 7b-7f for the dates July 31, August 2, August 8, August 19 and August 25, all in 1972. A zone of ponded turbid water with a clear upper interface is apparent in Figure 7b , shortly after the beginning of the strike. The ponded zone is piled against the northern side of the basin wall, probably due to wind-driven internal seiching. With no inflow of sediment, however, the interface is seen to gradually move downward in Figures 7c-7e as the sediment settles out, detraining turbid water in the process. By August 25 the interface has vanished completely, implying that all the sediment has settled out and all the turbid water has clarified.
Comparing Figures 7d and 7f , it can be seen that the settling interface migrated downward about 40 m in about 16 days. This corresponds to a settling velocity of 0.029 mm/s. The quartz grain size with this fall velocity in clear water at 20° C is 18 µm according to the relation of Dietrich (1982) . This size is consistent with the finer sizes of the tailings disposed by the mine. Although seiching is present in Figures 7b-7f , it cannot be expected to help maintain sediment in suspension unless it contributes to a bottom boundary layer that accomplishes resuspension of settled sediment.
FORMULATION OF THE THEORY
This paper focuses on the study of minibasin deposition in a highly simplified configuration. A slot-like minibasin is assumed to be much longer than it is wide. The turbidity current flowing into it is continuous and carries a dilute suspension of sediment of uniform size with a fall velocity v s . The minibasin is assumed to have sufficient relief to cause the inflowing turbidity current to undergo a hydraulic jump, so creating a muddy pond with a very low densimetric Froude number containing a dilute suspension of very slowly moving water and sediment. The interface between the muddy pond and the clear water above defines a settling interface. This interface may be above the elevation of the lip at the downstream end of the pond, in which case the turbid water overflows the basin, or below it, in which case there is no overflow. In the latter case all the sediment is lost to bed deposition and all the inflowing water is lost to detrainment across the settling interface. This geometry is illustrated in Figure 6a . The above simplifications serves to clearly define the roles of the internal hydraulic jump and water detrainment in mediating the process of minibasin deposition. They can be relaxed at a later date. Now let t denote time, x denote a bed-attached streamwise coordinate, y define a coordinate directed upward normal from the bed and assumed quasi-vertical, h denote the depth of the muddy pond, and (u, v) denote the local flow velocities in the (x,y) directions (averaged over any turbulence in the ponded zone).
The flow in the ponded zone is assumed to be slow, and any turbulence within it is assumed to be too weak to entrain a) water across the settling interface, and b) sediment from the bed. In this case the equations of water mass balance, sediment mass balance and momentum balance can be written in the respective forms where R denotes the submerged specific gravity of the sediment (near 1.65 for many natural sediments), ρ denotes the density of clear water, c denotes volume concentration of sediment, here assumed to be small, τ denotes the bed shear stress and bed slope S is given as
where η denotes the bed elevation from an arbitrary level (e.g. Parker et al. 1986 ). The above relations employ the slender flow approximations, according to which the horizontal extent of the body of ponded turbid water must be much larger than the depth of the ponded zone. Equations 3a-3c are subject to boundary conditions. The bed is assumed to be impermeable, so that 
so that in the absence of replenishing turbid flow the interface is advected downward with the fall velocity of the sediment. Equations 3a-3c are now integrated from the bed to the settling interface of the minibasin. It is assumed that sediment is carried into the basin by a Froude-supercritical turbidity current, and that an internal hydraulic jump has acted to mix the sediment uniformly in the vertical in the muddy pond downstream. The fact that an internal hydraulic jump to a strongly ponded flow created by a downstream barrier can indeed create a suspension in which sediment of uniform size is mixed approximately uniformly in the vertical is demonstrated experimentally in the companion paper, Toniolo et al. (submitted) .
Since passive settling in the absence of resuspension must occur in a strongly ponded zone due to the very slow flow velocities, as one layer of sediment in the water column settles it is replaced from above by another layer with the same concentration. Thus concentration c can be taken as equal to a constant C in y between y = 0 and y = h, 
Note that in accordance with the assumptions outlined above, this relation does not allow for re-entrainment of sediment lost from the suspension by settling. The corresponding Exner equation of bed sediment conservation takes the form
where λ p is the sediment porosity of the deposit in the minibasin. Finally, after some work it is found that the integral of Equation 3c is
In deriving Equation 12, it has been assumed that local velocity u can be approximated with its layer-averaged value U from y = 0 to y = h in evaluating the last two terms on the left-hand side. In addition, the shear stresses at the bed and settling interface have been related to the square of the flow velocity by means of the parameters C f0 and C fI denoting bed and interfacial friction coefficients.
ANALYTICAL SOLUTION Relations for concentration C and condition for overflow.
Cross-eliminating between Equations 8 and 10, it is quickly found that the relation governing the concentration C in the basin is a simple kinematic wave equation;
That is, any given concentration C at the upstream end of the basin (i.e. just beyond the hydraulic jump) is advected without change at velocity U down the basin. In the case of steady flow, (13a) reduces to the condition
The above relation is of some significance. If the water and sediment input to the basin is steady, the flow in the ponded zone can be treated as quasi-steady, with a constant sediment concentration throughout its length. The flow is not truly steady, because sediment deposition builds the bed upward in time, but in the case of a dilute turbidity current this process is very slow compared to the setup time for the hydraulic jump and ponding. It is seen from Equations 11 and 13b that for quasi-steady conditions the bed in the ponded zone builds up at the same speed everywhere in the ponded zone, implying a deposit of uniform thickness in the streamwise direction.
The condition of constant concentration may not be satisfied in a short zone near the downstream overflow lip of Figure 6 . The flow must accelerate in this region to overspill, in which case the condition of vanishing entrainment from the bed may not be satisfied locally.
Whether or not the flow spills out of the basin is determined from Equation 8 
i.e. a Bernoulli equation for the muddy underflow. Wherever the basin is sufficiently deep, the first term on the left-hand side of Equation 19b will be small compared to the second term on the left-hand side, resulting in the condition of an interfacial elevation ξ that is constant everywhere in space, i.e. const = ξ (19c) This condition can be expected to be satisfied everywhere except in the vicinity of the overflow lip in the case of sufficient ponding.
The turbidity current overflows the basin in the event that Condition 16 is satisfied. Let U e denote the flow velocity, h e denote the flow thickness, η e denote the bed elevation and ξ e denote the interface elevation at the overflow point. At that point the densimetric Froude number must be equal to unity, i.e. 
where q e =U e h e denotes the overflow discharge per unit width. (In point of fact the concentration of sediment at the overflow point may be somewhat elevated due to the inhibition of settling, or even the onset of sediment entrainment by high velocity just upstream.) Let ξ p denote the constant elevation of the interface in the ponded zone of the basin, i.e. well upstream of the overflow point, within which the term 1/2 U 2 can be neglected compared to RgCξ p in Equation (19b 
The above condition allows for computation of the height of the interface at the point of basin overflow as a function of lip elevation η e , outflow discharge per unit width q e and concentration C.
Sediment deposition within the basin. According to Equation 13b the sediment concentration C is not only constant in the vertical, but also constant in the streamwise direction, at least from the hydraulic jump to a point not far upstream of the downstream overflow lip where the flow sufficiently re-accelerates to cause sediment entrainment. In between these two zones, the rate of sediment deposition on the bed is given as v s C, implying that the deposit should consist of a pure drape of thickness that is constant in the streamwise direction. Solving Equation 11 for a quasi-steady flow, deposit thickness is seen to vary in time as
where η I (x) denotes the initial profile of the bed.
DISCUSSION
The above model hinges on three key assumptions. These are a) a downstream barrier can force a relatively sharp hydraulic jump to strongly ponded flow with a relatively sharp settling interface, b) the hydraulic jump can mix the suspended sediment approximately uniformly in the vertical up to the interface, and c) water can detrain across the muddy interface in the ponded zone. The justification of these assumptions is presented in the companion paper, Toniolo et al. (submitted) .
The solution for the flow obtained in the previous section, applied to the case of a basin with a horizontal floor, a vertical downstream barrier with no overflow, is illustrated in Figure 8 
The above model assumes continuous rather than pulse-like inflow into the basin. This implies a turbidity current that is sustained for enough time for the hydraulic jump and ponded flow to set up. The process of ignition described by Parker et al. (1986) (see also Pantin 1979; Parker 1982 and Pratson et al. 2000 provides a mechanism by which pulse-like flows generated near the shelf-slope break can grow into quasi-continuous events farther downstream. Even if each flow is continuous, the actual deposit realized in the basin is a result of the stacking of deposits from each flow.
In order for the quasi-continuous flow to set up, the head of the current must reach the downstream end of the basin, reflect back as an upstream-migrating bore and then stabilize as an internal hydraulic jump, as shown in Figure 6b . Lamb et al. (2004) have estimated that the current must be sustained for a time that is at least on the order of 30 seconds beyond the initial reflection of the bore for this to occur at the scale of the laboratory experiments described therein (which is similar to those described in the companion paper, Toniolo et al., submitted) . The corresponding time scale they obtained based on an estimate of field-scale flows in minibasins in the Gulf of Mexico is 30 minutes.
For the sake of reference the relation of Lamb et al. (2004) for this time scale is reproduced here. The flow illustrated in Figure 6b is considered. The minimum time for the setup of a quasi-steady ponded flow is the time from when the head of the turbidity current reaches the downstream end of the basin to when the resulting reflected bore reaches a point near the upstream end of the basin where it stabilizes as a hydraulic jump. This time is denoted as T b . The distance from the position of the hydraulic jump to the downstream end of the basin can be estimated as the basin length L b . Denoting the sediment concentration of the turbidity current as C and the elevation difference from the interface of the inflowing turbidity current before reflection to the upper interface of the bore after reflection as ∆h, the time T b is given as that is constant up to the interface may give the impression that flow stratification effects have been neglected. This is by no means the case. The actual concentration profile, along with the step approximation of Equation 13 are illustrated in Figure 9 . The step approximation provides an extreme case of stratification, according to which stratification at the interface is so strong that turbulence is strongly damped there and a very sharp interface is manifested. This sharp interface is illustrated in Figure 4c . It is also seen in another type of highly stratified environment, i.e. the atmospheric inversion. In such cases a sharp density interface often bounds the clear air above from e.g. pollution-laden city air.
It might be argued that the interface shown in Figure 4b ought to decline in the streamwise direction as sediment settles out. Such behavior would be expected for a slow-moving turbidity current flowing over an unbounded domain. The wall at the downstream end of Figure 4b , however, radically changes the flow configuration. The flow velocity must drop to zero at the downstream wall. As sediment settles out and the interface starts to migrate downward, very slow flow from behind replenishes it and reestablishes the original position of the interface. Were the interface to decline in the streamwise direction, this decline would set up a pressure difference that would act to restore the nearly horizontal settling interface, as illustrated in Figure 10 . The slower the flow is in the ponded region, the less able is flow momentum to counter this restoring pressure force.
Application of the model presented in the previous section to either experimental or field flows is limited by the fact that it does not predict the position of the hydraulic jump, and thus the length L of the ponded zone. A full numerical model is needed for this. Such a model is pursued in the companion paper, Toniolo et al. (submitted) .
The analysis of this paper and the experiments of the companion paper, Toniolo et al. (submitted) are based on a model minibasin of constant width, receiving inflow across the entire width. In such a case the degree of ponding is controlled largely by basin relief. In the field, however, the initial overspill into a minibasin can be expected to occur over a much narrower zone corresponding to a saddle in the upstream lip (which would later evolve into a canyon through incision). As a result the flow must expand laterally as it enters the minibasin. As a result the degree of ponding in the field can be expected to be stronger than that in the laboratory configuration described here.
It should be noted that the theory places no restriction on the size or settling velocity v s of the sediment in the turbidity current. As long as the assumptions of the theory are met, the sediment may be in the sand, silt or clay sizes. The finer the sediment for the same size basin, the lower is the potential detrainment discharge, and so the more likely it is that overspill from a sustained event will be realized. The sedimentation rate in the ponded zone is determined solely by the concentration C and the fall velocity v s , and therefore will be only as rapid as the fall velocity permits.
Turbidity currents can be expected to contain multiple grain sizes. It can be speculated that in this case the basin would contain multiple settling interfaces, with the interface corresponding to a coarser size being below one corresponding to a finer size. This is schematized in Figure 11 for a case in which there are a discrete number of sediment sizes. The condition for maximum "net to gross" (maximum sand content in the deposit) would then be one for which the interface for silt sizes is above the downstream lip of the basin, but the one for sand sizes is below it. A complete theory for multiple grain sizes, however, remains to be worked out.
It is unlikely that the conditions for a hydraulic jump to ponded flow are maintained indefinitely through geomorphic time. Increasing overflow across the downstream lip of a basin can ultimately lead to incision into the ridge bounding that basin and one immediately downstream. This incision can progress to the point that a smooth long profile is established through both basins and the ridge in between. The barrier causing the hydraulic jump and ponding will then have cut through. As seen in Figures 2b and 2c , as much as 200 m of incision into the ridges is required to establish this smooth profile. Incision is not described either in this paper or its companion, Toniolo et al. (submitted) , which focus on the initial process of spill.
CONCLUSION
A simplified model of ponded turbidity currents containing sediment of uniform size predicts that the concentration C in the ponded zone should be constant in the streamwise direction. As a result, the deposit should be of spatially uniform thickness. The assumptions leading to this conclusion may break down in a small region near the overflow point where the ponded current re-accelerates.
The outflow discharge overflowing the lip at the downstream end of the minibasin is predicted to be less than the inflow discharge due to the effect of water detrainment. If the ponded zone is sufficiently long, there may be no outflow of either water or sediment across the lip. Estimates of the effect of detrainment at field scale suggest extremely large potential detrainment discharges, indicating that even with inflow from a succession of large, quasi-continuous events, there may be relatively little outflow from a minibasin until its relief has been reduced substantially.
The above results hinge on several key assumptions. These assumptions are justified, and the analysis is pursued quantitatively in the companion paper, Toniolo et al. (submitted) . a) Sketch of a turbidity current undergoing a hydraulic jump mediated by a sudden drop in bed slope to zero. The flow is from left to right. The turbidity current is vented out at the downstream end by means of a submerged free overfall. The configuration corresponds to the experiments of Garcia and Parker (1989) and Garcia (1993) . b) Sketch of a turbidity current undergoing a hydraulic jump mediated by a high barrier at the downstream end of the basin. The flow is from left to right. Venting of the turbidity current can only occur if it overtops the barrier. The configuration corresponds to the experiments of the companion paper, Toniolo et al. (submitted) . c) Photograph of a horizontal settling interface of a ponded turbidity current during an experiment in the series reported by Lamb et al. (2004) . The flow was on and quasi-steady at the time the photograph was taken, and was from right to left. The fluid above the glassy interface is sediment-free water, not air.
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Figure 5
Illustration of a settling interface in a cylinder. 
Figure 8
Diagram illustrating the application of the analytical solution to the simple case of a basin with a horizontal bed, a vertical downstream barrier and no overflow. The analytical solution prevails after the hydraulic jump. Figure 9 Diagram illustrating the actual vertical profile of suspended sediment concentration of a highly ponded turbidity current, and the approximation of the profile with a step function.
Figure 10
Diagram illustrating tendency of the pressure force to restore a tilted interface of a highly ponded turbidity current to a nearly-horizontal profile.
Figure 11
Diagram illustrating multiple settling interfaces in a muddy pond containing a discrete number of sediment sizes. 
